Abstract. The testcross method is considered efficient for identifying inbred families with superior general combining ability. The objective of the present study was to assess the relative importance of the performance per se and in crossing in the selection of inbred progenies using bi-trait best linear unbiased prediction. We analysed data for expansion volume (EV) and grain yield from three tests of popcorn (Zea mays L. ssp. everta) S 3 families and seven testcross trials, using the ASRemL software. Four selection strategies were assessed based on: breeding value (strategy 1), general combining ability effect (GCA) (strategy 2), additive value and GCA from strategies 1 and 2 (strategy 3), and breeding value and GCA predicted by bi-trait analyses considering EV and yield of the families and testcrosses as different traits (strategy 4). The bi-trait analyses of the same characteristic assessed in S 3 families and topcrosses were generally more accurate and had greater heritabilites. The greatest predicted gains in EV were obtained using strategy 4, which was inferior to the other strategies for the yield predicted gains. Strategies 1 and 2 differed most for the families selected. Selection based on GCA maximised heterosis. All of the strategies resulted in comparable realised gains, especially the strategies 3 and 4 based on breeding value and GCA. Selection on S 3 based on the additive value and GCA (strategies 3 and 4) resulted in inbred lines superior in number of favourable genes and in general combining ability.
Introduction
The testcross method aims to assess the potential of inbred families to produce superior hybrids from crosses with at least one tester. It was suggested by Davis (1927) and became common in maize hybrid breeding programs. In the 1980s, 78% of maize breeders assessed general combining ability (GCA) by testcross, using one of the three first selfing generations (Bauman 1981) . Many theoretical and applied results with maize showed that testcross might be used efficiently in inbred family selection. Baktash et al. (1981) obtained positive significant correlations between the performances of maize testcrosses and singlecross hybrids for grain yield and other traits. In the studies of Bernardo (1991) , Lile and Hallauer (1994) , and Bordes et al. (2007) the genotypic correlation between the performance of the testcrosses in early and late generations and that of their direct homozygous descendants ranged from 0.71 for S 1 lines, to 0.99 for S 6 lines.
The choice of the tester is an important challenge to hybrid crop breeders (Hallauer and Miranda Filho 1988) . Hull (1945) suggested the use of an inbred line with predominantly recessive genes or a population with low favourable gene frequencies. This kind of tester maximises the genotypic variance among testcross families (Wright 1980; Cowen 1987) . Comparisons among testers with narrow and broad genetic base demonstrated discrimination relative to combining ability and heterosis (Elias et al. 2000) . For Hallauer and Lopez-Perez (1979) , the advantage of using a tester with a broad genetic base is that it reduces the tester Â environment and inbred line Â tester interactions. On the other hand, the testers with a narrow genetic base present fewer gamete sampling problems.
Since Bernardo (1994) demonstrated the effectiveness of the BLUP (best linear unbiased prediction) methodology in the prediction of non-assessed maize single-cross hybrids, the method has become, as had already occurred in animal and forestry breeding, of regular use in annual crop breeding, aiming to predict additive genetic or genotypic values, mainly in the genetic evaluation of pure/inbred lines (Piepho et al. 2008) . Considering that multi-trait analysis is theoretically more advantageous than single-trait analysis when the absolute value of the difference between the genetic and error correlations is greater (Schaeffer 1984) , if the genetic correlation between the same characteristic assessed in the S 3 families and the testcross hybrids is high, bi-trait analysis can be an excellent alternative for the prediction of additive values and the effects of general combining ability because the residual correlation between the same trait assessed in the inbred families and testcrosses is nil. The objective of the present study was to assess the relative importance of the performance per se and in crossing in the selection of inbred progenies, using the BLUP methodology.
Materials and methods

Testcross and testers
The genotypic means of the testcrosses are:
where M T = m + (p + r -1)a + (p + r -2pr)d is the mean of the testcrosses, a t = [a + (s -r)d] is the effect of a gene substitution in the tester, a = [a + (q -p)d] is the effect of a gene substitution in the base population, m is the mean of the homozygotes, a is the difference between the genotypic value of the homozygote of greater expression and m, d is the deviation due to dominance, p and q are the allelic frequencies in the base population, r and s are the allelic frequencies in the tester (Hallauer and Miranda Filho 1988) , and GCA and A stand for general combining ability effect and additive genetic value, respectively (E(GCA) = E(A) = 0). Thus, the variance of the genotypic means of the testcrosses is the variance of the GCA effects of the S n-1 plants, given by:
where F is the inbreeding coefficient of the inbred progenies. If the tester is the base population, s
, where s A 2 is the additive variance in the base population.
The GCA effect, as the additive value, is an almost perfect indicator of the superiority of the S n-1 plant for the number of favourable genes, regardless of whether they increase or decrease trait expression. The correlation between the additive value and the GCA effect of an S n-1 plant is:
For a gene, r = 1 with complete, partial, or no dominance. In the case of overdominance, r = 1 or -1, depending on the frequency of the dominant allele in the base population and in the tester.
Experimental data
The analyses considered the data of expansion volume (EV) and grain yield of three S 3 family tests, derived from the Beija-Flor and Viçosa popcorn (Zea mays L. ssp. everta) populations, and seven testcross trials. Two sets of inbred families from the BeijaFlor population and one from the Viçosa population were assessed in an experimental field at the Federal University of Viçosa (UFV), in Viçosa, MG, Brazil, in an incomplete block design, with replication only of the common checks. The realised gains were calculated using the data of the corresponding tests of the S 4 families, conducted at UFV in the 2001-02 (Beija-Flor) and 2003-04 (Viçosa) growing seasons, and also in an incomplete block design with replication only of the common checks (IAC 112 and Zélia or a inbred line).
In the family and testcrosses trials, each plot corresponded to a 5-m row, with an ideal stand of 30 plants and 0.9-m spacing. The following traits were assessed in each plot: final stand (covariate), grain moisture (covariate), grain yield, and EV. In the family tests, EV was determined using a 1250-W hot-air popcorn machine and 30-g samples. The EV of the testcrosses was assessed in a Cretors Metric Weight Volume Tester (C. Cretors & Co., Chicago, IL), using 250-g samples.
Selection strategies and genetic gains
The following four selection strategies were considered, based on the index proposed by Mulamba and Mock (1978) with weights of 3 for EV and 1 for yield: strategy 1, selection based on the additive genetic values predicted by bi-trait analysis of S 3 families; strategy 2, selection based on the GCA effects predicted by bitrait analysis of the testcross experiments; strategy 3, selection based on the additive values predicted by bi-trait analysis of the family test and the GCA effects predicted by bi-trait analysis of the testcross experiments; and strategy 4, selection based on the additive values and GCA effects predicted by bi-trait analyses considering EV and yield of the families and testcrosses as different traits. Regarding strategies 3 and 4, selection based on the Mulamba and Mock index considered one index for EV and one index for yield, both generically defined by the following linear combination of additive value and GCA effect:
where b 1 is the weight of the additive value and b 2 is the weight of the GCA effect.
Curiously, because of the proportionality between the additive value and the GCA effect, the values of these weights that minimise the variance of the difference between the index and the mean of the additive value and the GCA effect (Var(2IÀ A S nÀ1 ÀGCA S nÀ1 )) are 1/2 and 1/2. As the predictions of additive value and GCA effect do not have the same accuracy, the index used was:
where r GCA;GCA and r A;Ã are the accuracies of the predictions of breeding value and GCA effect. Because the Mulamba and Mock index was used, the predicted gains were computed based on the selection differential (SD) and on the generalised measure of heritability (h 2 ) proposed by Cullis et al. (2006) , by the function DM = SDh 2 (parental control equal to 1 was assumed). The proportion of selected families was 30%.
The efficiencies of the selection strategies, relative to the identification of superior parents, were also assessed by means of Pearson's correlation between breeding values and effects of GCA predicted from distinct models, from the percentage of common selected parents (coincidence) and from the predicted and realised gains. The realised gains were calculated as the difference between the average of the S 4 families derived from selected S 3 progeny and the mean of the S 4 generation, corrected by the average of the common check (IAC 112).
BLUP analysis
Considering the assessment of S n families and testcrosses, the phenotypic values can be defined as:
where M F is the mean of the S n generation and D o is the average dominance genetic value of the progeny (Viana et al. 2011) .
The additive genetic values and the general combining effects of the S n-1 plants, to identify the best S n families, can be predicted using the BLUP methodology, proposed by Henderson (1974) , with estimation of the variance components by the residual/restricted maximum likelihood method (Patterson and Thompson 1971) .
When assessing n f S n families in an environment, in the incomplete block design, and the testcrosses in more than one environment, in the lattice design, in relation to v traits, and admitting as random the effects of blocks, blocks/replication/ environment, and GCA Â environment interaction, the models for the multi-trait analyses can be represented in the following matrix form:
where y is the vector of phenotypic values; X is the incidence matrix of the fixed effects; b is the vector of the levels of each fixed factor (including the population means); Z 1 , Z 2 , and Z 3 are the incidence matrices of the random effects; and e is the residuals vector. For inbred families, u 1 is the vector of the additive genetic values of the parents, u 2 is the vector of the average dominance genetic values of the progenies, and u 3 is the vector of block effects. For testcrosses, u 1 is the vector of the GCA effects, u 2 is the vector of the GCA Â environment interaction effects, and u 3 is the vector of block/replication/environment effects.
The criterion used to obtain the best linear unbiased predictor of a random vector is the maximisation of the joint probability density function of y and the random vector(s), or of the random vector(s) and e, which obtains, under normality, the mixed model equations (Henderson 1974) .
For inbred families the variances of u 1 and u 2 , and the covariance between these random vectors, are (Viana et al. 2011) :
where Cov(A) (v) is the additive genetic variance matrix, relative to the v traits, A (nf) = {2r ij } is the additive relationship matrix, and r ij is the coefficient of co-ancestry between the parents of the progenies i and j;
where CovðD o Þ ðvÞ is the dominance genetic variance matrix, relative to the v traits, D (n f ) = {u ij } is the dominance relationship matrix, and u ij is the probability that the parents of progenies i and j have genotypes identical by descent; and:
where CovðA SnÀ1 ; D o Þ ðvÞ is the covariance matrix between the additive value of the parent and the average dominance value of the progeny, relative to the v traits.
For a trait, the parametric values of the variance of the average dominance value of the inbred families and of the covariance between A S nÀ1 and D o are presented by Viana et al. (2011) .
For testcrosses, G 4 is a null matrix. Defining a T /2a = k, we have:
Then, as 2r ii =1 + F nÀ1 = 2F, G 1 = (1/2F)Cov(GCA) (v) A (n f ) , where Cov(GCA) (v) is the variance matrix of the general combining ability effects, relative to the v traits. where PEV is the prediction error variance.
Statistical analyses
ASRemL v3.00 software (Gilmour et al. 2009 ) was used for the analyses (see code in Appendix 1). The additive and dominance relationship matrices files were generated by a program developed in REALbasic 5.5. To read the pair-wise prediction error variance matrix in the file .pvs, another REALbasic 5.5 program was developed. In the analyses of inbred families, G 4 is assumed to be a null matrix. In the analyses, each common check was inserted in the pedigree as an individual with unknown parents. Since the checks were not S 3 families or testcrosses, we inserted a fixed effect of population. To test the nullity of the variance components, we used the likelihood ratio test (Gilmour et al. 2009 ). The confidence intervals for the variance components were obtained from the standardised normal distribution (Littell et al. 2006) .
Results
Independent of the population and the BLUP analysis, the likelihood ratio tests showed genetic variability for EV and grain yield (Tables 1 and 2 ). The analysis of the Beija-Flor population testcrosses, assessed in two and four environments, showed interaction between the GCA effect of the S 2 plant and the environment for the two traits, with two exceptions. Regarding the analyses of the S 3 families, it is emphasised that, in general, only the additive model could be fitted. The additive-dominant model could only be fitted for EV assessed in the S 3 families of Program 2 of the Beija-Flor population. This does not mean that in the other cases there was no dominance. Analysis of the mean heterosis (Table 3) for yield showed, as expected, gene action due to dominance. In relation to EV, considering that the average heterosis values were systematically close to zero and that dominance was proved in one case, by the two BLUP analyses, it can be considered that there was evidence of bidirectional dominance. A Selection based on breeding value and GCA effect (strategy 4).
Table 1. Parameters estimated from the bi-trait BLUP/REML analyses of expansion volume (EV, mL/g) and grain yield (kg/ha) of S 3 families and testcross hybrids from the popcorn populations Viçosa and Beija-Flor
B
Predictions from the two bi-trait analyses. Table 3 . Average heterosis, heterosis of selected S 3 families, and realised gains for expansion volume (EV, mL/g) and grain yield (kg/ha), and coincidence (%) of selected families, relative to four selection strategies Selection strategies: 1, based on breeding value (A); 2, based on GCA effect; 3, based on A and GCA effect; 4, based on A and GCA effect from modified bi-trait BLUP analysis The bi-trait analyses of EV and yield (Table 1) should have been advantageous relative to the single-trait analyses only for the topcrosses because the absolute values of the difference between the genetic and error correlations were 0.43, 0.97, and 0.15. In the S 3 family tests, the differences were 0.04, 0.09, and 0.03. Compared with the bi-trait analyses of EV and yield, the bitrait analyses of the same characteristic assessed in the S 3 families and topcrosses generally resulted in increased prediction accuracy of additive value and the GCA effect and increase in heritability (Tables 1 and 2) , especially in the analyses of the S 3 family tests. The increases in accuracy of the additive values ranged from 9.4 to 56.3%. The increases in accuracy of the GCA effects ranged from 0.5 to 16.8%. The increase in heritability of the S 3 families and topcrosses ranged from 10 to 142.4% and from 7.4 to 30.0%, respectively. These results can be attributed to the magnitude of the absolute value of the genetic correlation between additive value and the GCA effect (because the correlation of the error is zero), which ranged from 0.55 to 0.82 for EV and from 0.20 to 0.81 for yield.
The predictions of additive value and GCA effect by the two BLUP analyses presented positive, high-magnitude correlations for both EV and yield ( Table 2 ). The correlation between the additive values ranged from 0.88 to 0.96 for EV and from 0.61 to 0.96 for yield. The intervals for the predictions of the GCA effect were 0.72 to 0.97 for EV and 0.81 to 0.98 for yield. The correlations between breeding value and the GCA effect for the same trait ranged from 0.55 to 0.82 for EV and from -0.20 to 0.81 for yield. Because the heritability values were generally greater in the analysis of the S 3 family tests compared with the topcross experiments, the gains predicted per year were superior for both EV and yield when calculated based on the phenotypic values of S 3 progenies (Tables 1 and 2 ).
Discussion
It is noteworthy that ignoring the covariance between additive and average dominance values and fitting the additive model when there is dominance does not significantly affect the inferences. Based on simulation, de Boer and van Arendonk (1992) demonstrated that ignoring both the covariance between additive and dominance effects with inbreeding and the change in dominance variance due to inbreeding did not significantly bias the prediction of additive and dominance effects in selected or unselected populations with inbreeding. Even concluding that the additive-dominant model should be fitted wherever possible, Viana et al. (2010a Viana et al. ( , 2010b reported a high positive correlation between the breeding values predicted by the additive and additive-dominant models, for the EV and yield.
Confirming theoretical results of Schaeffer (1984) , our study also showed that the accuracy of the bi-trait analysis, relative to the single-trait approach, is greater when there is large difference between the genetic and error correlations. Viana et al. (2010b) reported greater accuracy and efficiency of bi-trait analysis in selection among half-sib families, but equivalence for withinfamily selection, because the absolute values of the difference between the genetic and error correlations were 0.38 and 0.09. Based on the estimates of the correlation between the breeding values and GCA effects, we can state that selection based on the two predictions is a priori a most adequate strategy. In the studies of Bekavac et al. (2008) and Mihaljevic et al. (2005) , for grain yield the genetic correlations between line per se and testcross performances ranged from 0.40 to 0.59. For other traits the values varied from 0.52 to 0.94.
To assess the relative importance of the performances per se and in crossing, we considered the predicted and realised gains, heterosis, coincidence among the selected families, and the results of the single-crosses tests. Considering only the S 3 family tests, the predicted gains per year were greater in EV and better in yield, because of the negative predictions of lower magnitude, with selection based on additive value (strategy 1), emphasising that for the gain per cycle in EV, selection based on additive value and GCA effect (strategy 3) resulted in equivalent predicted gain. S 3 progeny selection based solely on the GCA effect (strategy 2) was associated with lower predicted gains in EV and yield. Using only the topcross experiments, the gains predicted per year in EV were greater with selection based on the GCA effect. The greatest predicted gains in EV were obtained using strategy 4, calculated based on the phenotypic values of the S 3 families. However, this strategy was inferior to the other strategies for predicted gains in yield, regardless of the phenotypic values used in the calculation of the selection differential. Concerning the realised gains, all of the strategies gave comparable estimates for EV and alteration in the yield, especially strategies based on additive value and the GCA effect (Table 3) . Regarding the coincidence of selected families, in the Viçosa population sharp differences were observed in strategy 2 compared with the other strategies, with coincidences ranging from 19 to 26%, and there were similarities among strategies 1, 3, and 4, with coincidences ranging from 83 to 91% (Table 3) . In relation to the Beija-Flor population, the strategies with less coincidence in the selected families were strategies 1 and 2. Heterosis analysis of the topcrosses of the selected families showed that selection based on the GCA effect maximised heterosis in EV and tended to maximise heterosis in yield (Table 3 ). The index-based strategies tended to produce similar results. Improvement in GCA and heterosis with selection based on testcrosses has also been proved in previous studies (Obaidi et al. 1998; Menkir and Kling 1999) .
Some of the inbred lines derived from the S 3 families selected by at least one of the four strategies under analysis were assessed by J. M. S. Viana, M. S. F. Valente, C. A. Scapim, M. D. V. Resende, F. F. Silva (unpubl. data). The diallels included 28 inbred lines of Viçosa and 18 of Beija-Flor, all also assessed per se. Of the 28 Viçosa inbred lines, 10-16 were derived from selected S 3 families, depending on the strategy considered. Regarding the 18 Beija-Flor inbred lines, three to 10 were derived from selected S 3 progenies. Regardless of the population, the analysis of the additive values and the GCA effects of the parents of inbred lines, predicted by BLUP single-trait analyses, did not show clear superiority or inferiority of one selection strategy in S 3 . With some exceptions, >65% of the inbred lines derived from selected S 3 presented a positive additive value and GCA effect for both the EV and yield. Thus, selection in S 3 based on additive value and/or GCA effect resulted in inbred lines superior in the number of favourable genes for quality and yield, with superiority also in GCA. Also, with few exceptions, the inbred lines derived from selected S 3 families presented a mean additive value and mean GCA effect greater than those for the inbred lines derived from non-selected families, or at least a positive value, although smaller than the mean values of the non-selected progenies. Several reported experimental results have also proved the efficiency of identification of superior inbred lines based on the evaluation of testcrosses (Bohn et al. 2003; Gustafson et al. 2010) .
Considering that, in general, heritabilities were greater for inbred progenies and genetic correlations between line per se and testcrosses were intermediate to high, it can be concluded that selection based on breeding value and GCA effect tends to be more efficient than selection based solely on the additive value or GCA effect, as demonstrated by Gallais (1997) .
